Abstract-We present versatile multifunctional programmable controller with bidirectional data telemetry, implemented using existing commercial microchips and standard Bluetooth protocol, which adds convenience, reliability, and ease-of-use to neuroprosthetic devices. Controller, weighing 190 g, is placed on animal's back and provides bidirectional sustained telemetry rate of 500 kb/s, allowing real-time control of stimulation parameters and viewing of acquired data. In continuously-active state, controller consumes 420 mW and operates without recharge for 8 h. It features independent 16-channel current-controlled stimulation, allowing current steering; customizable stimulus current waveforms; recording of stimulus voltage waveforms and evoked neuronal responses with stimulus artifact blanking circuitry. Flexibility, scalability, cost-efficiency, and a user-friendly computer interface of this device allow use in animal testing for variety of neuroprosthetic applications. Initial testing of the controller has been done in a feline model of brainstem auditory prosthesis. In this model, the electrical stimulation is applied to the array of microelectrodes implanted in the ventral cochlear nucleus, while the evoked neuronal activity was recorded with the electrode implanted in the contralateral inferior colliculus. Stimulus voltage waveforms to monitor the access impedance of the electrodes were acquired at the rate of 312 kilosamples/s. Evoked neuronal activity in the inferior colliculus was recorded after the blanking (transient silencing) of the recording amplifier during the stimulus pulse, allowing the detection of neuronal responses within 100 s after the end of the stimulus pulse applied in the cochlear nucleus.
For the development of novel neuroprosthetic devices, wireless communication offers several benefits, including continuous data recording without restricting the animal's mobility and avoiding the stress to the animals caused by constraint and tethering. Early biotelemetry controllers utilized unidirectional analog UHF for data uplink or downlink [10] [11] [12] . The devices with bidirectional telemetry employed specialized ASICs, making these devices costly to develop and modify [13] [14] [15] . Recent development of compact high-power density Li-ion batteries allows extended battery life even at relatively high power consumption [16] and the availability of off-the-shelf components for digital wireless telecommunications protocols, such as Bluetooth and Wi-Fi/IEEE 802.11 [17] , [18] allow increased data throughput, data security, automatic error detection and correction not present in analog communication protocols [19] . Bluetooth 2.0 class 2 protocol is particularly well-suited for short-range ( 10 m) and low-power ( 2.5 mW) devices.
In this article, we describe a prototype controller with bidirectional telemetry, utilizing commercial-grade off-the-shelf integrated-circuit (COTS IC) components, standard Bluetooth protocol, and a user-friendly graphical computer interface. This controller provides novel capabilities, including independent control of the stimulating channels, customizable controlled-stimulus current waveforms, and flexible control of stimulus timing, allowing any combination of simultaneous and interleaved pulsing across the array of 16 electrodes. The controller is sufficiently compact and lightweight to be worn by larger animals (e.g., cats and rabbits). By utilizing COTS IC components and standard Bluetooth protocols, the development has been cost-efficient and allows for future scalability and flexibility during the preclinical development of a variety of neuroprosthetic and neuromodulation devices.
II. METHODS

A. System Description of the Controller
The principal modules of the wearable controller are the stimulation pattern generator (SPG) module, a module for recording the stimulus voltage waveforms (SVW) from the electrodes, and a module for recording the evoked neuronal responses (ENR) [ Fig. 1(a) ]. The SPG consists of 1) the stimulus pulse waveform generator, the trigger for synchronization with the SVW recording module, and the stimulus artifact-blanking pulse for synchronization with the ENR recording module; and 2) the electrode pattern generator which specifies the temporal pattern of the stimulation across the 16 stimulating electrodes. The digital stimulus pulse output of the pulse waveform generator is converted to a biphasic analog voltage which is directed through the switching bank to the bank of voltage-to-current converters (Howland current pumps). The switches are turned on and off either simultaneously or sequentially to produce the specified pattern of stimulation. The output of each voltage-to-current converters ranges from 1 to 100 . The voltage-to-current converters include features to prevent injury to the neural tissue adjacent to the stimulating electrode in the event of a component failure, including partial or complete failure of the power supply. Each of the Howland pumps is coupled to its electrode through a 0.3 capacitor which prevents injection of a net charge. The capacitor value was selected to be large enough to avoid significant microelectrode polarization (less than 0.5 V), when applying the first phase of a biphasic pulse having relatively large charge (e.g., 150 nC/phase). Minimal microelectrode polarization is needed for preserving the voltage compliance of the Howland current pumps. The value of 0.3 satisfies this requirement. On each channel, the electrode side of the capacitor is coupled through a 4 bias resistor to an adjustable anodic bias voltage. The bias increases the charge injection capacity of the activated iridium electrode sites [20] , [21] . The value was selected to be much larger than the impedance of the microelectrodes at the range of frequencies comprising the spectrum of the electrode voltage transients (mostly above 1 kHz) in order not to divert a significant proportion of stimulus current from the Howland pump. The value also must be much smaller than the dc impedance of the microelectrodes, so that differences in their dc impedance do not introduce significant variation in their anodic biases (all of the bias channels are driven from a single source). The bias voltage is derived from the main power bus via of a simple voltage divider circuit which limits the anodic bias voltage to an absolute maximum of 400 mV with respect to the platinum counter electrode, and thus below the potential for oxidative hydrolysis of water. We have used this design for many years [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] and have validated its safety for neural stimulation in different applications. In addition, there is a general power-line fuse to prevent overheating of the battery in the event of a circuit fault.
The SVWs induced by the stimulus pulses are monitored through a bank of 16 unity-gain buffers. The ENRs are considerably smaller (up to ) as compared to the SVWs (up to 8 V including the access voltage of the tissue), and the amplification in the ENR module is set at 1000 as opposed to 0.3 in the SVW recording module. Level shifters in both recording modules are needed to convert the bipolar signals into positive-only signals, which are then digitized using A/D converters. SVW data is digitized at 8 bit and 312 kilosamples/s in order to capture rapid voltage dynamics at the beginning of the pulse, which is used for evaluating the access impedance of the electrodes. Recording of the SVWs begins 10 prior to the initiation of the stimulus pulse and proceeds for 630 until 196 samples are collected. The ENR data is digitized at 12 bit and 27 kilosamples/s. The beginning of the ENR recording is triggered by the trailing edge of the artifact-blanking pulse, generated by SPG 15 after the stimulus pulse termination, and proceeds until it is terminated by the leading edge of the next artifact-blanking pulse. The blanking (transient silencing) of high-gain (1000 ) ENR amplifier during the stimulus pulse suppresses the stimulus artifact and allows the ENR amplifier to remain unsaturated and to commence its activity at 15 after the stimulus pulse [ Fig. 1(b) ].
Bidirectional telemetry allows user control of the SPG, continuous monitoring of the ENR and sequential transmission of SVW data from the stimulating electrodes. The Bluetooth microchip supports the standard Bluetooth protocol Version 2.0 + EDR, capable of 3 Mb/s data transmission rate. In the prototype device, we use a rate to 0.5 Mb/s, which is adequate for continuous transmission of 16-bit ENR data (4 bits not used) and periodic transmission of 8-bit SVW data at a stimulation rate to up to 100 Hz (stimulation interval 10 ms). Data transmission limitations of the Bluetooth protocol necessitate a sequential rather than simultaneous recording of the SVW. Therefore, the amplifier in the SVW recording module is preceded by a 16:1 multiplexer for electrode selection.
The above functions of the wearable controller have been implemented using the commercial microchip components listed in the Table I . The circuit diagram of the animal-worn controller In the Current and Power consumption columns, the second value, marked by asterisk ( ), indicates an idle state. Abbreviations: A/D-analog-to-digital, consump.-consumption, D/A-digital-to-analog, EDR-Enhanced Data Rate, GBW-gain bandwidth product, Ms-megasamples; PWG & EPG-pulse waveform generator and electrode pattern generator, SPI-serial peripheral interface bus, SR-slew rate, R-R-rail-to-rail, Tx-transmission of data, UART-universal asynchronous receiver/transmitter bus, V-to-I-voltage-to-current is presented in Supplemental Figure 1 and the key physical and electrical parameters of the controller are summarized in Supplemental Table 1 . The wearable controller was fabricated on three interconnected printed circuit boards and is housed in a plastic enclosure measuring (Fig. 2) . The modular design will expedite development of future versions of controller with a higher number of stimulating and recorded channels. The packaged controller with two 1400 mAh batteries and attached animal cable weighs 190 g. Battery recharging and programming of the PIC microcontroller chips is done via three mini-USB connectors.
The wearable controller is powered by an 8.4 V lithiumpolymer iPhone battery rated at 1400 mAh. The controller consumes 418 mW with both microcontroller chips active, the Bluetooth chip in Rx&Tx mode, and during continuous stimulation of one of the electrodes. When the controller is operating autonomously between the hourly SVW checks, its power consumption is reduced to 236 mW due to reduced power consumption of the Bluetooth chip and the Tx microcontroller in the standby mode. During the actual controller test with continuous ENR transmission via the Tx microcontroller, the battery lasted for 8 h, while with the Tx microcontroller in standby mode for 59 min out of each hour, the battery life was extended to almost 11 h (Fig. 3) .
B. Computer-Based Controller
The computer-based controller is composed of the USB Bluetooth transceiver and the software providing the graphical interface for the control of the SPG and for viewing and saving of the ENRs and SVWs (Fig. 4, Supplemental Figure 2) . The user has flexible control of the stimulus waveform and of the temporal pattern of the stimulation across the simulating electrode array parameters, as well as the ability to initiate and terminate the stimulation and/or recording at will or at specified time intervals. The SVW data from all or a selected subset of the electrodes can be displayed. The software has been developed using Visual Basic 6 (Microsoft) with its built-in functions for data streaming to the hard drive and with several ActiveX controls, including: the Measurement Studio 8 (National Instruments) for graphical user interface, the LongTimer ActiveX (home.comcast.net) for timing recording and stimulating events over a wide range of intervals (from 1 ms to 24 days), and the MSComm ActiveX (Microsoft) for communication with the USB Bluetooth transceiver via a virtual serial port.
Display and saving of the recorded data requires frequent asynchronous interaction with the wearable controller, which is accomplished by embedding 16-bit flags inside a continuous data stream. In Fig. 5 , two typical data acquisition tasks are shown: the first is the user-initiated saving of the ENRs during a sequence of stimulation amplitudes and the second is automated periodic saving of the SVWs for measurement of electrode impedance. Since changes in electrode impedance typically occurs over a course of many hours of stimulation, the SVWs are saved once per hour using a software timer, while the data between the saves is displayed on the monitor and then discarded.
III. RESULTS
The wearable controller was evaluated with an array of 16 microstimulation sites [33] , implanted in the ventral cochlear nucleus and with a bipolar electrode for simultaneous recording of neural responses in the inferior colliculus [30] , [34] . This is a prototype of a cochlear nucleus auditory prosthesis to restore hearing to deaf persons who cannon benefit from a cochlear implant, due to a loss of the auditory nerves. Excluding one electrically open site, the 15 usable stimulation sites had an average geometric surface area of . Located on four shanks of the multisite silicon-substrate array, the gold electrode sites were electroplated with iridium oxide to increase the stimulus charge transfer capacity to a in phosphate buffered saline (measured by cyclic voltammetry with a scan rate of 50 mV/s and between 0.6 V to 0.8 V vs. Ag/AgCl). The single-channel bipolar macroelectrode for recording of ENRs (a pair of stainless steel wires, 100 in diameter, insulated with Parylene C) was implanted in the contralateral inferior colliculus. The graphic user interface has been designed to provide a choice of amplitude-modulated rectangular pulses with a phase duration of 50-200 , a pulse frequency of 20-250 Hz, and pulse amplitude of . However, the controller hardware can accommodate a much greater stimulus charge per phase for an application that might so require (e.g., stimulation with macroelectrodes rather than microelectrodes).
The animal was outfitted with a torso vest which held the controller (Fig. 6) . Using the percutaneous head connector, the controller was connected to the stimulating array in the cochlear nucleus and the recording electrode in inferior colliculus, both chronically implanted for one month. The animal did not display any signs of distress during the stimulation of any of the sites in the cochlear nucleus at amplitude of 20 (3 nC/phase). The controller allows interleaved (sequential) or simultaneous stimulation with all 16 electrodes, or a subset of these, and simultaneous recording of the SVW data from the stimulated electrode. The ENR data is recorded in the intervals between the stimulation pulses.
The overall performance of the recording and transmitting part of the controller was tested by continuous acquisition of the ENR signal. The frequency response was 17 Hz to 5.3 kHz (attenuation ) and the RMS noise over this passband was 7.8 . The first tested function was the measurement of the impedance of the stimulating electrode sites at 30 days after implantation. The total impedance across the electrode-tissue interface is comprised of the impedance of the surrounding tissue, usually designated as the "access impedance," and the electrode site impedance (polarization of the electrode-electrolyte interface during injection of the stimulus charge). The access impedance is primarily resistive and is measured as the initial fall (for cathodic pulses) or rise (for anodic pulses) of the SVW and represents the primarily resistive access impedance component, while the subsequent slower change in the SVW represents the polarization across the electrode-tissue interface [20] , [35] . The SVW data was recorded from 15 electrodes during injection of rectangular current pulses with amplitude of 20 [ Fig. 7(a) ]. The access impedance values were calculated at 15 after pulse initiation, and for all electrodes they were in the range of 80-140
, which is typical of chronically-implanted iridium oxide-plated microelectrodes with a surface area of . We then acquired the ENRs from the bipolar electrode chronically implanted in the cat's inferior colliculus. The ENRs were recorded for 9 ms following each stimulus pulse pair applied in the cochlear nucleus at 10, 20, and 30 ( Fig. 8) . Increasing the pulsing amplitude from 10 to 30 produced a corresponding increase in the ENR for all electrodes. The initial portion of the record immediately after the end of the stimulus pulse shows a lack of stimulus-related artifact and the controller's ability to record an early ENR in the inferior colliculus at less than 100 after the end of the stimulus pulse applied in the cochlear nucleus [ Fig. 8(d) ].
IV. DISCUSSION
We designed and tested a novel bidirectional telemetry controller for implementing flexible protocols of mutichannel neural stimulation and recording. While some of the previous controllers also utilize the COTS ICs and bidirectional telemetry, our device features several unique capabilities, including the ability to simultaneously stimulate with up to 16 electrodes with easily configurable controlled-current waveforms, recording of the stimulus voltage waveforms, and the use of stimulus artifact-blanking for recording of evoked neuronal activity immediately following the end of each stimulus pulse (Table II) .
A key feature of our prototype is the completely independent control of the amplitude and temporal interrelationship of the stimulus injected by each of the 16 stimulating electrode, enabling current steering that can be used for "sculpting" the spatial distribution of the stimulus [36] .
The use of high-capacity rechargeable batteries in the wearable controller allowed us to utilize the Bluetooth communication for up to 8 h of continuous bidirectional data transmission. The Bluetooth transmission rate of 0.5 Mb/s was considerably greater than is possible using analog RF telemetry and features automatic error detection and correction. The last three entries in Table II represent the controllers that provide a high number of stimulating or recording channels and high data throughput, but they are limited to unidirectional telemetry and do not provide integration of recording and stimulation features. Moreover, these devices use proprietary IC components, which make these systems considerably more expensive and less flexible.
Another unique feature of our wireless device is the ability to record the stimulus voltage waveforms, allowing regular and frequent monitoring of the stimulating electrode's impedance. The computer-based controller can be programmed to automatically turn off the stimulation at an individual site if a sudden increase or decrease in the site's impedance is detected.
The addition of the stimulus artifact-blanking circuitry into the ENR subsystem significantly improved the ability to record the neuronal activity immediately following the stimulus pulse. Other devices lacking the stimulus blanking, such as the Neurochip, employ rapid-recovery amplifiers that remain saturated for 100-150 following each stimulation pulse [41] . In contrast, the blanking circuitry on our device protects the amplifiers from saturation by stimulus artifacts and makes them available for recording within 15 after the end of the stimulus pulse. Monitoring of early neuronal responses is especially important in evaluating neural structures in which there is a short latency of action potential propagation between the sites of stimulation and recording. In the feline brainstem, for example, the distance between the inferior colliculus and the cochlear nucleus is a few mm and the onset of the evoked response was seen at less than 0.5 ms after the end of the stimulus pulse.
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